Eyeless (ey) is one of the most critical transcription factors for initiating the entire eye development in Drosophila. However, the molecular mechanisms through which Ey regulates target genes and pathways have not been characterized at the genomic level. Using ChIP-Seq, we generated an endogenous Ey-binding profile in Drosophila developing eyes. We found that Ey binding occurred more frequently at promoter compared to non-promoter regions. Ey promoter binding was correlated with the active transcription of genes involved in development and transcription regulation. An integrative analysis revealed that Ey directly regulated a broad and highly connected genetic network, including many essential patterning pathways, and known and novel eye genes. Interestingly, we observed that Ey could target multiple components of the same pathway, which might enhance its control of these pathways during eye development. In addition to protein-coding genes, we discovered Ey also targeted non-coding RNAs, which represents a new regulatory mechanism employed by Ey. These findings suggest that Ey could use multiple molecular mechanisms to regulate target gene expression and pathway function, which might enable Ey to exhibit a greater flexibility in controlling different processes during eye development.
INTRODUCTION
Transcription factors play crucial roles in cell fate specification during development. Many such factors are often highly conserved in function and DNA-binding sequence specificity across species. Since different combinations of transcription factors can be employed to determine specific cell fates, identifying key transcription factors for each cell type and investigating how they regulate downstream genes and pathways have been a major focus of study in the molecular genetics of development.
One of the pivotal transcription factors controlling retina cell fate specification in Drosophila is encoded by the eyeless (ey) gene. Ey is a paired domain (PD)-and homeodomain (HD)-containing protein that is both essential and sufficient for initiating Drosophila eye development (1) . Eye development can be completely abolished or severely impaired in flies with loss-of-function mutations in ey, although this phenotype is not completely penetrant (2) . Detailed examination reveals the absence of differentiated photoreceptors in ey mutant eye discs, indicating that it plays an essential role in early eye development (3) . In addition, overexpression of ey is capable of inducing the formation of ectopic eyes on wings, antennae and legs in flies, providing strong evidence that ey is an important regulator sufficient to initiate the entire genetic cascade underlying Drosophila eye development (1) . The homolog of ey in vertebrates, Pax6, is highly conserved in several model organisms and humans (4) (5) (6) (7) (8) . Similar to the phenotype observed in ey mutant flies, Pax6 knock-out mice present a severe eye phenotype (9) . In humans, Pax6 mutations are associated with Aniridia, a genetic eye disease (10) . Overexpression of vertebrate Pax6 can induce ectopic eye formation in flies (11) , indicating that the regulatory network controlling eye development is likely, in part, to be conserved among different species. Therefore, understanding the molecular mechanism of ey function in Drosophila will provide useful insights into Pax6 function in vertebrates.
The expression of ey is tightly associated with the development of the Drosophila visual system. Drosophila adult compound eyes originate from an eye primordium that is marked at embryonic stage 12 by the expression of ey (12, 13) . During later embryonic stages, the eye primordium continues to grow and forms the eye imaginal disc, which further increases in size during early larval stages when ey is detected throughout the entire eye disc (3) . In the early third instar larval stage, retinal cell differentiation begins with the initiation of the morphogenetic furrow (MF) along the posterior margin of the eye disc. The MF progresses anteriorly across the eye imaginal disc leaving differentiating photoreceptors in its wake. Cells anterior to the furrow remain undifferentiated and divide randomly. However, these cells have already committed to a retinal cell fate as anterior eye disc fragments can continue to develop into eye tissue when transplanted into a larval host (14) . Cells posterior to the MF undergo a successive differentiation process, which leads to the formation of patterned eye units called ommatidia (15) . At this stage, ey is expressed predominantly in cells anterior to the MF, greatly down-regulated in differentiating photoreceptors posterior to the furrow, and increased again along the posterior margin of the eye disc (16) . Through further morphological changes during the pupal phase, differentiated eye imaginal discs eventually give rise to the adult compound eye composed of 750-800 mature ommatidia.
A lot of effort has been devoted to characterize how Ey controls Drosophila eye development. However, current available information is still hard to provide a general picture of Ey function. Only a few direct downstream targets of Ey have been reported so far, including eyes absent (eya), sine oculis (so), optix, shifted (shf), atonal (ato) and rhodopsin 1 (rh1) (3, (17) (18) (19) . The majority of these targets are members of a retinal determination (RD) gene network that controls the early stages of eye development in Drosophila. Currently, the RD network contains five core factors, including twin of eyeless (toy), ey, so, eya and dachshund (dac) (20) (21) (22) (23) . Similar to ey, these RD genes are expressed in eye discs early during development and continue to be expressed in the undifferentiated retina during MF progression. They are also highly conserved among different species, suggesting that the RD network is an evolutionarily conserved pathway required for eye development. toy is at the top of this genetic network and is required for the activation of ey transcription, which in turn induces the expression of so, eya and the further downstream gene dac (24) . The expression of so and eya has been shown to be mediated via Ey binding to a consensus binding motif (18, 25) . However, the RD network is not purely hierarchical, and extensive positive feedback loops and protein-protein interactions have been identified. For instance, So and Eya can form a protein complex that synergistically regulates eye development. Overexpression of either so or eya alone can weakly induce the expression of each other, while coexpression of both genes, though acting downstream of ey, has a synergistic effect on triggering ectopic eye formation and leads to strong ey activation in ectopic eye tissue (26) . Similar results are also observed between eya and dac (27) . As a result, positive feedback regulation among ey, so, eya and dac maintains high expression levels of these RD genes in undifferentiated cells and locks in the retinal cell fate.
In addition to regulate the RD network, ey genetically interacts with several signaling pathways important for retinal cell differentiation, such as the Decapentaplegic (Dpp), Hedgehog (Hh), Notch (N) and Wingless (Wg) pathways. Dpp and Hh signaling cooperatively direct the initiation and progression of the MF (28, 29) , while Wg and N signaling patterns the dorsal-ventral axis of the eye disc (30, 31) . Earlier studies have shown that proper eye development requires cooperation between the RD network and these signaling pathways (32) (33) (34) . Nevertheless, the molecular mechanism by which ey interacts with these pathways during eye development has not been systematically studied.
Due to technical difficulties, genome-wide studies of endogenous Ey are uneasy to be performed on Drosophila developing eye discs, so an overexpressing system has been used (18, 35, 36) . In order to have a better understanding of the molecular mechanisms by which endogenous Ey interacts with target genes and pathways in the whole genome during eye development, we performed chromatin immunoprecipitation coupled with next-generation sequencing (ChIP-Seq) on developing eye discs to identify regions bound by Ey across the Drosophila genome. We observed a much higher frequency of Ey binding at the promoter compared to the non-promoter regions and showed that Ey promoter binding was correlated with the active transcription of target genes. We also characterized Ey binding at nonpromoter regions and identified a set of putative enhancers bound by Ey in the Drosophila genome. Using an integrative analysis, 311 putative direct downstream targets of Ey were identified, which form an extensive genetic network, including many known eye genes and well-established patterning pathways, such as Dpp, Hh, Wg and N pathway. In particular, we noticed that Ey might have a stronger control of certain signaling pathways via binding to several components of the same pathway. Besides known genes and pathways, we also identified novel eye genes and biological functions that have not been associated with Ey. In addition to protein-coding genes, we observed that Ey could also target non-coding RNAs, which reveals another novel regulatory mechanism employed by Ey during eye development.
MATERIALS AND METHODS

ChIP-Seq and data analysis
Four hundred Canton S third instar larval eye-antenna discs were dissected and crosslinked with 1% formaldehyde for 15 min and quenched by 125 mM Glycine for 5 min at room temperature. After washing with phosphate buffered saline, discs were lysed in lysis buffer (50 mM Hepes potassium (K-Hepes, pH 7.8), 140 mM NaCl, 1 mM ethylene glycol -bis(2-aminoethylether) -N,N,N',N'-tetraacetic acid (EGTA), 1 mM ethylenediaminetetraacetic acid (EDTA), 1% Triton X-100, 0.1% Na-deoxycholate, protease inhibitors) and sonicated with a Branson sonifier to shear chromatin to ∼200-400 bp. The chromatin lysate was precleared with protein A sepharose (GE healthcare, #17-5280-01) and incubated with antibody at 4
• C overnight. The rabbit anti-Ey antibody used for the ChIPseq experiment was kindly provided by Dr U. Walldorf. The specificity of this antibody for Ey has been confirmed in the lab and also by prior studies (16, 37, 38) . Protein A sepharose was added to the lysate for 3 h to capture chromatin complexes. After three washes with lysis buffer, once with high salt wash buffer (50 mM K-Hepes (pH 7.8), 500 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100, 0.1% Nadeoxycholate, protease inhibitors) and once with TE (10 mM Tris (pH 8.0), 1 mM EDTA), chromatin complexes were eluted with 1% sodium dodecyl sulphate, 10 mM Tris (pH 8.0) and 1 mM EDTA at 65
• C for 10 min, followed by reverse-crosslinking at 65
• C overnight. ChIP for PolII and histone modifications were performed as previously described (39, 40) (43) . Eyeless peaks were annotated using FlyBase version 5.57 with in-house Perl script and visualized using IGV (https://www.broadinstitute.org/igv/). Peak/gene list overlap analysis was performed using BEDTOOLS (https:// github.com/arq5x/bedtools2) (44) . Motif scans were performed using FIMO from the MEME Suite (http://meme. nbcr.net/meme/cgi-bin/fimo.cgi) (45, 46) . Gene Ontology (GO) analysis was performed using the DAVID functional annotation tool (http://david.abcc.ncifcrf.gov/) (47) .
In vivo enhancer reporter assay
Genomic regions flanking potential enhancers were PCR amplified (0.5-2 kb) and subcloned into the pH-StingerattB reporter vector (48) . Transgenic flies were generated using PhiC31-mediated integration (49) . Third instar larval eye discs were dissected and examined for reporter gene expression.
Isoform-specific RT-PCR
RNA was extracted from third instar larval eye discs using Trizol (Invitrogen, 15596-026) and purified with the RNeasy mini kit (Qiagen, 74104). Reverse transcription was performed according to manufacturer's instructions (Invitrogen, 18080-051). Sequences of isoformspecific primers used for PCR are: 
In situ hybridization
Complementary DNAs were obtained from the Drosophila Genomics Resource Center (DGRC) and used as templates for generating RNA probes. RNA probes were translated using SP6, T3 and T7 RNA polymerases and labeled with digoxigenin (DIG) using the DIG RNA labeling mix (Roche, 11277073910). Freshly dissected eye-antennal discs were subjected to in situ hybridization as previously described (18) .
RESULTS
Genome-wide profiling of Eyeless-binding sites in developing larval eye discs
We performed genome-wide profiling of endogenous Eybinding sites in the third instar larval eye discs using chromatin immunoprecipitation (ChIP) with an antibody against Ey followed by high-throughput next generation sequencing. The ChIP-Seq procedure was optimized so that high-quality sequencing data were obtained from 400 freshly dissected eye-antennal imaginal discs. Two independent ChIP-Seq experiments were performed, generating a total of ∼22.5 million uniquely mapped short reads. Analyses showed that Ey ChIP-Seq data were highly reproducible, as indicated by a correlation coefficient of 0.92 between the results from the two independent experiments ( Figure  1A and B). In addition, our initial peak calling revealed 5185 and 6065 individual peaks from our two Ey ChIP-seq datasets, with 4977 common peaks, further indicating that the two ChIP-seqs are highly reproducible. To validate the accuracy of the ChIP-Seq data, ChIP-PCR was performed on a set of 20 randomly selected regions using ChIP samples and all examined regions show significant enrichment of Ey binding ( Figure 1C and data not shown). Therefore, a genome-wide Ey-binding profile of third instar larval eye imaginal discs was successfully generated.
Ey-binding peaks were observed with an average width of ∼930 bp ( Figure 1D ). We found that the fold enrichment (relative to the negative control) of all Ey-binding sites ranged from 1.8 to 12.1 (P = 10 −6 ), with a median value of ∼4-fold ( Figure 1E ). To assess the sensitivity of the experimental approach, computer simulations were conducted to examine the efficiency of recovering Ey-enriched peaks at different sequencing depths. We found that our sequencing depth achieved high sensitivity in detecting Ey-bound regions with >4-fold enrichment, as the number of enriched peaks reached saturation at this level ( Figure 1F ). The fold enrichment of Ey binding at previously reported target regions was also examined ( Figure 1G ). Among all sites, the lowest Ey enrichment was observed at the gene shf, with an enrichment of 3.49-fold. This relatively low enrichment of Ey binding at shf may be due to the restricted expression pattern of shf at the disc margin anterior to the MF (18) . Therefore, combining computer simulations and man- ual examination, we used 3.45-fold enrichment as the cutoff, leading to the identification of a total of 3562 putative Ey-bound regions throughout the Drosophila genome of third instar larval eye imaginal discs (Supplementary Table S1).
Eyeless is highly enriched at the promoter regions of actively transcribed genes involved in development and transcription regulation
Ey-bound genomic regions were categorized based on their positions relative to annotated transcripts into five classes: the promoter (150 bp ± transcription start site [TSS]), untranslated regions (UTRs), introns, coding exons and intergenic regions. More than half of all Ey peaks (59.6%) were observed at the promoter region. Binding at intergenic and intronic regions accounted for ∼14.1 and 20.3% of all Ey peaks in the genome, respectively (Figure 2A) . In contrast, a paucity of Ey binding was observed within coding exons, consistent with the notion that gene regulatory elements are usually enriched in non-coding regions.
In total, 2124 Ey-binding peaks were mapped to 2894 promoter regions in the Drosophila genome. We found that the binding of Ey at promoters was very selective, occurring at only ∼15% of promoters in the Drosophila genome. GO analysis showed that genes with Ey binding at their promoters were highly enriched for imaginal disc development, DNA binding and transcription regulation ( Figure  2B ). In order to further characterize Ey binding at promoters, we used ChIP-Seq to generate a genome-wide profile of RNA polymerase II (PolII) binding in third instar larval eye-antennal discs. Interestingly, we observed that Ey and PolII peaks were highly correlated at promoters and a majority of Ey-associated promoters were also bound by PolII ( Figure 2C and D) . Ey-binding profiles at these promoters were further compared with that of PolII. In contrast to the PolII profiles, with summits 30 bp downstream of the TSS, respectively, the highest enrichment of Ey binding was observed ∼50 bp upstream of the TSS ( Figure 2E ). We found that the Ey-binding profile, although with lower peak intensity, is very similar to that of PolII near promoters. Therefore, we examined the Ey and PolII profiles at the individual gene level and found that Ey peaks were indeed highly coincident with PolII peaks at promoters ( Figure 2F ). Given the high correlation of Ey and PolII binding both locally and genomically, it raises the possibility that Ey may act in concert with PolII at promoter regions.
The selective binding of Ey can be observed not only at different genes, but also at promoters of different isoforms of the same gene. Based on the current FlyBase gene annotation, a total of 6941 genes have multiple isoforms, 3659 of which have multiple TSSs. Among these genes, 1157 (∼31.6%) showed Ey binding at their promoter regions. About 48.8% of these genes showed Ey binding at the promoter of only one isoform, while the remaining 51.2% showed Ey binding at two or more isoform promoters (Figure 3A) . As expected, the vast majority of the promoters bound by Ey were positive for PolII. Among 1914 promoters of genes with multiple TSSs bound by Ey, ∼70.7% of them were occupied by PolII ( Figure 3B ). This observation suggests that active transcription occurs at these specific isoforms. This was tested by isoform-specific RT-PCR on several randomly selected genes with differential Ey promoter binding. Indeed, a strong correlation between the transcription of isoform, as inferred from PolII ChIP-Seq signals, and the enrichment of Ey at the corresponding promoter was observed ( Figure 3C-E) . Taken together, these results suggest that Ey promoter binding is very specific and frequently observed at genes involved in development and/or transcription regulation.
Genome-wide screening of enhancers bound by Ey in the developing eye
In addition to promoters, 1321 Ey peaks occurred in UTRs, introns and intergenic regions (termed non-TSS regions). We checked Ey enhancers identified in previous studies and found they were well-represented in our ChIP-Seq peaks ( Figure 1G ). In order to search for more potential Ey-associated regulatory regions in the genome, we performed ChIP-Seq of two enhancer-associated histone modification marks: H3K4me1 and H3K27Ac (40, 50, 51) . We found that Ey binding frequently occurred between two peaks of a histone modification profile ( Figure 4A and B). In particular, 56.4% of Ey-binding peaks were flanked by H3K27Ac peaks, while 63.3% had similar patterns of H3K4me1 modification ( Figure 4C ). In total, 598 Ey-bound non-TSS regions associated closely with both H3K4me1 and H3K27Ac modifications.
To maximize the possibility of locating potential Eyassociated enhancers, a search for Ey-binding motif was also performed, resulting in the identification of an additional 78 peaks that contained Ey-binding motif and were marked with either H3K4me1 or H3K27Ac modification, but not both. These regions were combined with 598 Ey-bound regions with both histone modifications, and hence a list of 676 putative Ey-associated enhancers was generated (Supplementary Table S2) . From this list, we found that previously reported Ey-bound enhancers were well-represented in Ey ChIP-Seq profiles. For instance, our ChIP-Seq identified an Ey peak close to the promoter of eya, which overlaps with an eye enhancer published by an earlier study (52) . We also observe Ey peaks covering the deletions associated with so 5 and so 7 , two Ey-bound enhancers identified in the so locus via yeast one-hybrid analysis (25) . These findings suggested that our ChIP-Seq protocol was reliable and sensitive for identifying putative Eyassociated enhancers.
Among Ey-bound non-TSS regions with both H3K4me1 and H3K27Ac modifications, ∼20% contain an Ey-binding motif, implying that a significant portion of Ey binding might be mediated through its interacting proteins. In addition, we did not observe a significant difference in genomic locations of Ey peaks in relation to the binding motif (Supplementary Figure) . Prior studies have shown that members of RD network could function in protein complexes to regulate downstream gene expression (26, 27) . We therefore examined if Ey-bound peaks contained binding motifs of other RD factors. Binding motifs have been identified for Toy and So, so we started our analyses with these RD factors. Indeed, we found that Toy-and/or So-binding motifs could be identified in ∼32% (154/480) of putative Ey- enhancer regions without an Ey-binding motif and ∼40% (78/196) of regions with an Ey-binding motif, suggesting that interactions between Ey and Toy/So may occur at these enhancers (Supplementary Table S3) .
In order to test the function of putative enhancers, we used an in vivo reporter system in which genomic regions spanning potential Ey-associated enhancers were used to drive the expression of a GFP reporter with a basal promoter. Among 19 regions selected for the reporter assay, 15 can activate GFP expression and 11 can drive reporter gene expression in the eye disc (Supplementary Table S4 ). For example, Hipk encodes a serine-threonine kinase and plays a role in regulating N and Wg signaling pathways (53, 54) . We identified a novel Ey-bound enhancer located within the second intron of Hipk and found that this enhancer was sufficient to activate GFP expression mimicking endogenous Hipk expression in third instar larval eye discs ( Figure  4D ) (55) . We also found several enhancers that directed reporter gene expression partially mimicking the endogenous expression pattern of target genes. For instance, the transcription of tsh can be detected only anterior to the MF or both anterior and posterior to the MF, depending on the expression system used (56) . We identified an Ey-associated enhancer downstream of tsh, which directed reporter gene expression mainly at the central regions anterior to the MF and in several rows of differentiated photoreceptors close to the MF ( Figure 4E ). In addition, several identified enhancers could drive reporter gene expression in eye discs as well as in other imaginal discs or the brain. For instance, a ∼2.2 kb Ey-bound enhancer was identified downstream of the 3 end of dpp. Although much shorter than the reported dpp disc enhancer (57), the Ey-bound enhancer was sufficient to drive reporter gene expression not only in eye discs but in wing and leg discs as well ( Figure 4F ).
Ey regulates a broad network of eye genes and retinal development pathways
Genes with Ey-binding sites can be divided into three categories, depending on whether they show Ey binding at the promoter, non-promoter regions or both. In order to identify genes that are under tighter regulation by Ey, we focused on genes with Ey binding at both the promoter and the non-TSS regions. By incorporating gene expression profiles in the developing eye based on RNA-Seq data (58), a total of 311 genes were identified as strong candidates under tight Ey regulation (Supplementary Table S5 ). These Ey targets are highly enriched of developmental proteins, transcription factors, and include many repressors, receptors, kinases and signaling proteins as well (Supplementary Table S6). Especially, we found that many members of several signaling pathways known to be required for Drosophila eye development, including Dpp, Hh, N and Wg pathways, are Ey targets ( Figure 5A ). In Dpp signaling, Dpp is a diffusible protein and functions as a ligand. Upon binding to Dpp, the receptors Tkv or Put trigger the phosphorylation of Mad and Med. Phosphorylated Mad and Med then enter the nucleus and regulate the expression of downstream genes, such as Dad (59) . Interestingly, Ey targeted several key members of this essential pathway, including dpp, put, dad and shn, which represented the ligand, receptor, downstream targets and regulators ( Figure 5B ). Like Dpp, the N pathway is another signaling cascade with multiple members targeted by Ey. These include N (receptor), Ser and Dl (ligands), mam (co-activator) and numb (inhibitor) ( Figure 5C ). These findings suggest that targeting multiple components with different functions of the same signaling cascade may be a mechanism that allows Ey to control the function of an essential pathway at different levels during eye development. Besides the above pathways, Ey targets were also found in mitogen-activated protein kinase (MAPK), PI3 kinase and Cadherin signaling pathways. In addition, some Ey targets were enriched in biological or regulatory processes that had not been tightly associated with Ey previously, such as programmed cell death, stem cell development, chromatin remodeling and translation regulation ( Figure 5D and Supplementary Table S7 ). These findings could provide useful insights not only into the cellular events that were under the control of Ey during eye development but also new molecular mechanisms by which Ey regulated target genes as well.
Although many Ey targets are known eye genes, some genes are novel and have not been studied in Drosophila eye development. Therefore, we used in situ hybridization to validate whether these genes are expressed in developing eye discs. The transcripts of all tested genes were detected in eye discs, suggesting these genes may play novel roles during eye development and are under direct regulation by Ey ( Figure 5E ). Together with known eye genes and pathways, Ey targets identified by ChIP-Seq form a broad genetic network that controls important cellular events required for Drosophila eye development.
Ey may regulate non-coding RNAs in the Drosophila genome
In addition to protein-coding genes, we discovered that Ey also bound non-coding RNA (ncRNA) loci. Due to the complexity of Drosophila genome, we only focused on Ey peaks that could be assigned only to ncRNAs. After filtering, we identified 87 Ey peaks that are associated with 80 ncRNAs (Supplementary Table S8 ). Eleven percent of these non-protein-coding genes contain microRNAs (miRNAs) within the gene body and therefore are annotated as miRNA primary transcripts or have that potential ( Figure  6A ). Although the majority of identified ncRNAs are located within intergenic regions of the Drosophila genome, some are found within introns of coding genes. Only two ncRNAs completely overlap with its corresponding coding gene but in an opposite transcriptional direction, and therefore are classified as antisense ncRNAs ( Figure 6B ).
Like protein-coding genes, we observed PolII signals associated with Ey peaks at the promoters of 22.5% ncRNAs ( Figure 6C ), indicating that these ncRNAs are actively transcribed in developing eye discs. We therefore performed in situ hybridization assay and found all examined ncRNAs were expressed in eye discs. Some of them exhibited very specific expression patterns ( Figure 6D ). Interestingly, a previous study has showed that loss of function of CR43314, an ncRNA identified in our study, could affect the development of interommatidial bristles (IOB) in the eye (60) . We found that the promoter of CR43314 had strong Ey and PolII (Figure 6D ), indicating that Ey might be able to regulate IOB development via controlling the transcription of this ncRNA.
Among ncRNAs with only Ey-binding peaks but no PolII signals, ∼40% are very close to the promoter of a protein-coding gene. We found that such protein-coding genes often had their own Ey peak at the promoter and therefore presented a distinctive bimodal distribution of Ey peaks around TSSs ( Figure 6E ). Although the detailed mechanisms are still unknown, Ey binding at ncRNAs around the promoters of coding genes could be another new way of regulating protein-coding genes. Since non-coding RNAs exhibit a variety of regulatory functions and participate in many important cellular events (61), these results suggest that regulation of ncRNAs by Ey is an important mechanism employed by Ey, when controlling target gene expression during Drosophila eye development.
DISCUSSION
ChIP-Seq identified endogenous Ey-binding sites in the Drosophila genome
In this study, we have generated, to our knowledge, the first genome-wide binding profile of endogenous Ey in developing Drosophila eye discs. Compared to previous studies, our ChIP-Seq results showed that more than half of Ey binding occurred at promoter regions in the Drosophila genome. Upon closer examination, we found that Ey binding at promoter regions was very selective, which was reproducibly distinct even at different isoforms of the same gene. To further characterize Ey binding at promoters, we integrated ChIP-Seq profiles of PolII, an active promoter mark, and found that majority of genes with Ey binding at their promoters were transcribed. GO analysis demonstrated that these genes were enriched for imaginal disc development and transcription regulation, indicating that Ey preferentially targeted a select group of genes via binding to promoter regions.
We also investigated which factor(s) might determine Ey selective binding at promoters. Drosophila promoters can be classified into different categories depending on the composition of core promoter components (62) . After motif analysis, however, we did not discover a particular promoter motif to be enriched for Ey-bound promoters (data not shown). We also tested whether Ey binding at promoters was driven by its own or other novel binding motifs, but were unable to enrich a motif specifically for Ey binding at promoters. Interestingly, we found that Ey promoter peaks exhibited a high resemblance to PolII profile, which had also been observed for some general transcription factors associated with PolII in the promoter initiation complex (63) . This suggests that Ey and PolII interact at the promoter and regulate gene transcription together. Although the molecular mechanisms remain further investigation, Ey binding at promoters, especially its interaction with PolII, might be an underappreciated regulatory mechanism for Ey as a transcription factor.
The second most common type of Ey binding occurred at intergenic and intronic regions, which accounted for ∼34% of Ey peaks in the genome. We found that previously reported Ey-bound enhancers were well-represented in Ey ChIP-Seq profiles. However, we found that Ey binding alone was insufficient to provide accurate information for predicting enhancer regions. Therefore, we integrated Ey-binding profile, motif location and histone modification marks for Ey-associated enhancer prediction. We noticed that the majority of Ey peaks were frequently located between two histone modification peaks. Previous studies showed that genomic regions flanked by two histone modification peaks corresponded to nucleosome-free or open chromatin regions and were known to often contain functional regulatory elements (64) (65) (66) . Therefore, we further focused on Ey-bound regions with this specific histone modification pattern, which led to the identification of 676 putative enhancers regulated by Ey in the Drosophila genome.
We used an in vivo reporter assay to examine the function of predicted enhancer regions. About 79% of tested enhancers are functional and ∼58% are active in the eye. Interestingly, we found several enhancers that are 'ubiquitous' and can direct reporter gene expression in the eye and other tissues where Ey is not expressed. In the Drosophila genome, some regulatory elements are bound by multiple transcription factors with different expression patterns (67) . Our results suggest that Ey may bind to non-eye specific enhancers that are also responsible for the expression of corresponding targets in non-retinal tissues under the control of other transcription factors.
We found that ∼30% of putative Ey-enhancer regions contained an Ey-binding motif, which led us to suspect that other proteins might be involved in Ey binding at enhancers. We first started our search among RD genes, since several RD genes have been shown to form protein complexes (26, 27) and play cooperative roles in regulating target gene expression (19, 37) . Indeed, we found that Toy and/or So binding motifs could be identified in putative Ey-enhancer regions with or without an Ey-binding motif, which indicates that the cooperation among Ey, Toy and So is dynamic and occurs at many sites in the genome. Via partnering with different proteins, Ey might be able to achieve a greater flexibility in targeting downstream genes. Although we only tested Toy and So in this study, it is very likely that other factors might also interact with Ey at different enhancers. First, the binding motifs of other RD factors are unknown, so motif analyses could not be performed on these genes. Second, there were still Ey enhancer binding that could not be explained by motif analyses. Therefore, ChIP-Seq studies of other RD factors or DNA-binding proteins in developing eye discs will help to address this question in the future.
Ey may use multiple mechanisms to regulate genes and signaling pathways during eye development
We identified Ey targets in developing eye discs based on Ey binding via ChIP-Seq. We found that mechanisms by which Ey regulates target gene expression might differ depending on whether Ey only binds promoters, putative enhancers or both. Specific genes or isoforms with Ey promoter binding are most often expressed in the eye and Ey-bound enhancers are able to direct target gene expression in the eye, indicating that these genes might play a role in eye development. We mainly focused on genes with Ey occupancy at both the promoter and potential enhancers in this study, considering they may be under stronger Ey control. Indeed, many genes known to be important for fly eye development are wellrepresented in this group of targets. For instance, so and eya, two core factors in the RD network, have Ey binding at both promoters and enhancers. Interestingly, we also observed Ey binding at both the promoter and a potential enhancer of toy. toy is thought to act genetically upstream of ey, since toy can ectopically induce ey, but not vice versa (23) . We find that toy transcription can be induced in non-eye tissue with ey ectopic expression, according to published microarray data (18) . However, the induction is to a lesser degree than that of so and eya, suggesting that ey alone might not be able to completely activate toy expression. Our findings imply that Ey might cooperate with other proteins to regulate gene expression. Via further investigation, we find that so and toy might be two potential factors that act together with ey to maintain toy expression in the eye (unpublished data). Like so and eya, dac is another RD factor regulated by ey, with Ey binding at both the promoter and a reported enhancer, 5EE (68) . Interestingly, we did not observe enrichment of histone modification marks at 5EE, but at a second reported enhancer, 3EE, suggesting 3EE might be the major enhancer of dac expression in third instar larval eye discs. A prior study also showed that the expression of both 3EE and 5EE reporters are absent in so 1 mutant eye discs. We therefore examined So binding at these two enhancers in our So ChIP-Seq data (69) . We find So binds to both 5EE and 3EE, suggesting that dac expression might be mainly regulated by So in the third instar larval eye. In addition, 5EE is activated very early during eye development (67) . Therefore, it is likely that Ey binding at the 5EE enhancer of dac occurs very early during eye development, which might facilitate the recruitment of So to dac at a later developmental stage.
We noticed that expression patterns of some Ey targets do not completely overlap with Ey in the eye. Although Ey is mainly expressed anterior to MF, it is maintained at a very low level in the posterior region and is up-regulated at the posterior margin of eye discs (16) . However, the function of Ey posterior to the MF has not been fully characterized. Since there is no systematic information regarding posterior genes in the fly eye, we searched for Ey targets whose expression was significantly changed in ato 1 eye discs (18) , considering that ato is expressed in and posterior to the MF and genes downstream of ato are likely to expressed in the same region. By combining expression profiles of posterior eye discs (70), 33 Ey targets are predicted to be expressed preferentially at the MF or in the posterior region of eye discs (Supplementary Table S9 ). Further investigation of Ey regulation on potential posterior genes will provide a better picture of Ey function during eye development.
Ey has been regarded as an activator according to studies of known Ey downstream targets. We identified 188 genes whose expression is significantly induced in non-eye imaginal discs upon Ey ectopic expression (18) . About 31% (59/188) of these genes show Ey binding (Supplementary  Table S10 ). Besides regulating gene expression via binding to target genes at different regulatory elements, our ChIPSeq results suggest that Ey may be regulating gene expression via an indirect way. For instance, we found that Ey can also bind non-coding RNAs, including miRNA primary transcripts, suggesting that Ey might act as a potential repressor for some genes via indirectly regulating the corresponding non-coding RNAs.
Furthermore, many Ey targets are members of signaling pathways essential for eye development. We observe that Ey may have a stronger influence on some pathways by targeting multiple components of the same pathway. Intriguingly, components with opposite roles in the same pathway are often both targeted. One potential explanation is that Ey may selectively activate or inhibit a particular signaling pathway by controlling the expression of its positive or negative regulators in different types of cells. Because the expression patterns of different components may not be the same, ChIP-Seq performed on a smaller number of cells with a more uniform developmental status and transcriptome profile may provide more specific information regarding Ey regulation of these essential pathways in eye discs. In addition to known patterning pathways, we found some new pathways or cellular events that might also be regulated by Ey. Further investigation of how these new pathways are integrated with other patterning pathways would provide insightful information of Ey function during eye development.
A proposed model of Ey function
Based on our findings, we propose a model where Ey functions in a dynamic protein complex to modulate target gene expression during Drosophila eye development (Figure 7 ). This Ey-associated regulatory protein complex may consist of additional RD factors, PolII holoenzyme, chromatinremodeling proteins or transcription regulatory proteins. Depending on different genes and cellular contexts, the protein complex can change its composition accordingly and regulate gene expression by binding to promoter and/or enhancer regions. Ey binding at promoters or enhancers can be achieved either by direct binding or via interaction with other transcription factors or regulatory proteins. For genes that are more tightly regulated by Ey, Ey may be involved in both promoter and enhancer recognition.
Ey contains two DNA-binding domains, a PD and a HD, and one transactivation domain at the C terminus. Both DNA-binding domains contain helix-loop-helix DNA-binding motifs and are connected by a linker region. It has been shown that an intact Ey protein is necessary for its function during development (71) . Although misexpression of ey without the PD is insufficient to rescue the eye phenotype of ey mutant flies (72) , studies on vertebrate Pax gene family members revealed different types of cooperation between the HD and two sub-domains of the PD, suggesting the involvement of both domains in recognizing different sets of DNA sequences (73) . In addition to interacting with its own HD, the Pax6 PD is able to interact with itself and even HDs of other proteins. Moreover, coexpressing both Pax6 and HD-containing genes can increase the transactivation capability of Pax6 (74) . These findings further support our model that Ey might act in a regulatory protein complex in vivo and also indicates which type of proteins might be able to interact with Ey. In our study, we show that So might be a potential binding partner of Ey. So contains one HD that mediates DNA binding and a SIX domain for protein-protein interaction (20, 26) . However, So does not have a transactivation domain, and therefore requires a coactivator for its proper function. Previously, So was shown to form a protein complex with Eya and activate target genes via the DNA-binding domain of So and the transactivation domain of Eya. Considering the potential interaction between the PD and HD, it is possible that So may interact with Ey via PH-HD cooperation and rely on the transactivation domain of Ey for regulating target gene expression. This may also explain the coincidence of So-and Ey-binding motifs in many Ey peaks. Furthermore, since So binds Eya via the SIX domain (26) and its interaction with Ey may be very likely mediated by HD domain, Eya may also be included in the same complex as Ey and So and add another level of regulation. Therefore, Ey could bind target sequences via its own DNA-binding domain and/or its binding partners, depending on which domains are involved in the protein-protein interaction. For binding partners without transactivation capability, the regulatory protein complex may rely on the transactivation domain of Ey for controlling gene expression, while for those partners with activation domains, the transactivation domain of Ey may or may not be involved in gene regulation.
Ey acts at the top of RD network that controls Drosophila eye development. Prior studies tended more toward a model where Ey initiated the RD network by activating a few downstream targets that further regulated more downstream genes. However, based on the Ey-binding profile presented in this study, Ey seems to target a large number of genes outside of the RD network that are also important for eye development. Eye development is a complicated yet highly organized process. Considering the function and expression patterns of different Ey targets, it would be difficult for Ey alone to precisely regulate hundreds of genes during this process. Thus, the interaction with other binding partners could dramatically expand the capability of Ey in targeting downstream genes and in regulating the developmental process.
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